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SEVERAL MICROSTRIP-BASED CONDUCTOR/ THIN FILM 
FERROELECTRIC PHASE SHIFTER DESIGNS USING 
(YBa 2 Cu 3 0 78 , Au)/SrTi0 3 /LaA10 3 STRUCTURES 


F. W. VAN KEULS,* R. R. ROMANOFSKY, AND F. A. MIRANDA 
NASA Lewis Research Center, Cleveland, OH. 44135, U.S.A. 


We have designed, fabricated, and tested several novel microstrip-based 
YBa2Cu 3 0 7 . 5 /SrTi0 3 /LaA10 3 (YBCO/STO/LAO) and Au/SrTi0 3 /LaA10 3 (Au / 
STO/LAO) phase shifters. The first design consists of eight coupled microstrip 
phase shifters (CMPS) in series. This design using YBCO achieved a relative 
insertion phase shift (A<j)) of 484° with a figure of merit of 80°/dB at V dc = 375 V, 
16 GHz, and 40 K. A A<|> of 290° was observed while maintaining the insertion 
loss below 4.5 dB. At 77 K, a A<j> of 420° was obtained for this phase shifter at 
the same bias and frequency. Both results correspond to an effective coupling 
length of 0.33 cm. A second compact design, consisting of an Au meander line 
and a CMPS section was also tested. Of the two samples tested, the best showed 
a figure of merit of 43°/dB with A<() = 290° and 6.8 dB loss, at 40 K, 10 GHz and 
400 V. Experimental and modeling results on these circuits will be discussed in 
the context of potential applications. 


Keywords: microwave frequencies; phase shifter; ferroelectric thin films; 
microstrip lines; Ku-band; HTS thin films 


INTRODUCTION 

Thin film ferroelectrics hold great promise for future microwave phase shifter 
technology. Light weight, compact, very low power, voltage tunable, planar 
phase shifters are realizable. However, it is still necessary to reduce microwave 
losses through ferroelectric material improvements and/or device design. 


♦National Research Council — NASA Research Associate at Lewis Research Center 
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Several successful demonstrations of coplanar waveguide (CPW) HTS/ferro- 
electric phase shifters have been reported so far.^ 1,2 ! Nevertheless, for some 
apphcations, (for instance, in reflectarray antennas) the large ground planes of 
CPW are unsuitable because of specular reflections and other effects. In addi- 
tion, different configurations may reduce the large microwave losses which are 
a major barrier to the use of this technology. With these considerations in mind, 
we have explored thin film ferroelectric phase shifters based on microstrip and 
coupled microstrip configurations. The vertical geometry of each of these 
designs is shown in Fig. 1. A single microstrip (Fig. 1(a)) can be tuned by 
applying a dc bias with respect to the ground plane. One might believe that very 
little tuning could be achieved because the capacitance between the line and 
ground changes little. However, with narrow microstrips, the relative dielectric 
constant (e r ) of the STO is also tuned in areas adjacent to the microstrip, causing 
the effective dielectric constant (e eff ) to change and hence shifting the insertion 
phase. We have measured this phase shift to be 120° on a 1 cm long 50 QYBCO 
microstrip line fabricated on 2 Jim STO/254 (im LAO at 40 K, 16 GHz and 
using 350 V dc bias. We will return to this configuration when discussing the 
meander line phase shifters. 

The coupled microstrip geometry (Fig. 1(b)) can be excited in two modes: 
even and odd. The propagation constant is given by. 


p = <o /v p = (n / X 0 )[(e even (V dc )) 0 - 5 + (eoddCVd,.)) 0 - 5 ] (1) 

where X 0 is the free space wavelength, v p is the phase velocity, E e ven = ^V^'e-air 
and £odd =C c/ C o-air ; C e-air ^ C o-air ^ obtained by replacing all dielectrics 
with air. In the odd mode, the E fields are concentrated in the ferroelectric film. 
By applying a dc voltage between the two microstrips, the e r of the ferroelectric 
between the lines can also be tuned with lower voltages than those required in 
Fig. 1 (a). Hence, the coupled microstrip design can provide more phase shift per 
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FIGURE 1 (a) The vertical configuration for a single microstripline on a thin STO film, (b) Coupled 
microstripllne ferroelectric phase shifter schematic. The E fields are drawn for odd mode pro- 
pagation. For the 50 O CMPS, w = 25 pm, s = 7.5 pm. 
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unit length at a given voltage than the 
simple microstrip. However, coupled 
micro-strip phase shifters (CMPS) 
require careful design because they are 
inherently filters with a limited band- 
width. 

Figure 2 shows schematic represen- 
tations of a 25 £2 single-element CMPS 
(with input/output 50 to 25 Q trans- 
formers) and a 50 £2 eight-element 
CMPS developed in this work.* These 
phase shifters were modeled primarily 
using Sonnet’s em® and to a lesser 
extent EEssof Touchstone® and 



(b) 


Zeland’ S IE3D® electromagnetic simu- FIGURE 2 (a) Schematic of 25 a single-element 
lators. An analytic model of a CMPS ° MPS - s = 1 2 7 7 and w = 76 ^ " ot T f 

J dimensions are also in microns, (b) Schematic of 

based in the quasi-TEM variational ex- eight-elements, so a cmps. s = 7.5 urn and 

pressions of Koul and BhatJ 3 ^ in com- w = 25 nm. 

bination with the transmission line 

method of Crampagne, et alS^ was also developed to facilitate the design. The 
phase shifters were optimized to minimize microwave losses and maximize rela- 
tive insertion phase shift. 


EXPERIMENTAL 

Strontium titanate was chosen as the ferroelectric film because, of those that we 
have tested (i.e. STO and BSTO), it has the best results in terms of tunability, 
maximum dielectric constant and low loss. A drawback is that STO can only be 
tuned advantageously at temperatures below 100 K. Both gold and YBajCuj 
0 7 g (YBCO) were used for the microstrip lines. Using YBCO reduces conduc- 
tor loss and it can be grown epitaxially on the STO because of their close lattice 
match and chemical compatibility. 

The films used in this study were purchased from SCT, Golden, CO. Below, 
we offer a brief description of their film deposition conditions. Deposition of the 
ferroelectric and HTS thin films was performed in situ on 254 pm thick, (100) 
single-crystal LAO substrates by laser ablation. The STO films were deposited 
at 800 °C, adjusting the deposition time so as to obtain films in the thickness 

*The 25 Q CMPS was designed to have lower conductor losses and was used more extensively 
because its larger gaps allowed for easier in-house fabrication by chemical etching. 
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range from 300 nm to 2.0 pm. The film thickness was monitored by counting 
interference fringes using an ellipsometerJ 5 ] This process was followed by the 
deposition of the YBCO films also at 800 °C. The typical thickness of the result- 
ing YBCO films was 350 nm and their epitaxial nature was determined by x-ray 
diffraction analysis. Ion-milling and chemical etching were used for the YBCO 
devices. The fabrication of the Au circuits was performed at Lewis Research 
Center (LeRC). For the Au/STO/LAO phase shifters, Au films with nominal 
thickness of 2 pm were deposited by electron beam evaporation on top of a 15 nm 
thick titanium adhesion layer e-beam evaporated before the metal deposition. Stan- 
dard lift-off etching techniques were used to fabricate the Au structures. 

The transmission (S 21 ) and reflection (S n ) scattering parameters of the CMPS 
were measured between 10 and 22 GHz, usually at 77 K and 40 K (near the peak 
e r of STO), and at dc voltages up to 375 Volts, using an HP 85 10C vector 
network analyzer and a closed-cycle helium gas refrigerator. For the single ele- 
ment CMPS, two bias tees were developed in-house to allow for dc bias through 
the SMA launchers up to 500 dc V and in the 10-22 GHz frequency range. Input 
and output terminals of the eight element CMPS were kept at dc ground. The 
latest version of this design uses thin Au lines of quarter-wavelength and radial 
stubs all connected by printed Au lines to two bias pads (see Fig. 2). All data 
were measured at a fixed temperature and frequency in a measurement cycle 
consisting of increasing the bias from zero to maximum bias, then decreasing 
the bias back to zero volts, changing polarity and increasing the bias to negative 
maximum bias, and lowering the voltage back to zero. The temperature stability 
was within ±0.1 K during the measurement cycle. 


RESULTS 

Figure 3 shows the phase shift of S 21 
versus dc bias for the single 25 Q 
CMPS design using Au microstriplines 
with 350 nm, 1 .0 pm, and 2.0 pm thick 
STO films. Also shown are data for a 
300 nm thick YBCO/STO/LAO 
CMPS. Comparing the Au circuits, 
one can observe that the phase shift of 
this structure is nearly proportional to 
STO film thickness as predicted by 
quasi-TEM analysis. The experimen- 
tal results obtained here are within a 
factor of two of the values for A<() ex- 



FIGURE 3 25 Q coupled microstripline phase 
shifters; T = 77 K, frequency = 1 3.73 GHz. 
Open (solid) symbols denote increasing 
(decreasing) bias. 
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pected from theoretical quasi-TEM predictions.^ Figure 3 also shows that re- 
placing the Au film by the YBCO film resulted in larger A<|> values. While there 
is some variation in phase shift from sample to sample, the YBCO films gener- 
ally showed larger phase shift. This may be due to a residual low e layer formed 
by the oxidized titanium adhesion film used in the gold circuit, or perhaps from 
an incompletely etched photoresist layer at the Au/Ti/STO interface. More study 
is required to account for this empirical behavior. The CMPS phase shifter also 
acts as a filter whose passband depends upon the STO film thickness and e r At 
high bias and low temperatures, e r (STO) reaches its smallest value and the pass- 
band its widest. As the bias voltage is lowered, e r (STO) increases and the CMPS’ 
passband compresses. The data shown in Fig. 3 were taken at 77 K and 13.73 
GHz, since this frequency remained within the passband as the bias was changed 
for all the different film thicknesses.^ 

In order to obtain larger phase shifts, we fabricated a phase shifter consist- 
ing of eight YBCO/STO/LAO CMPS in series (Fig. 2(b)). In the first iteration 
of this design, dc bias was applied to each element with a 25 pm wide A/4 YBCO 
bias line attached to a radial stub which was individually wire-bonded to a bias 
pad. This bias network proved to be unreliable and lossy most probably because 
of adverse etching effects on the narrow YBCO bias lines and inaccurate place- 
ment of wire-bonds. The design was improved by using YBCO for the CMPS, 
but Au for the bias lines and radial stubs, and also by connecting the radial stubs 
together with printed Au lines. These changes improved reliability, phase shift 
and loss. The magnitude and phase shift of S 21 for this circuit using a 1 pm 
thick STO film are shown in Fig. 4 at 40 K and 77 K. The phase shift at 40 K is 
greater because the e r of STO thin film is nearly maximum at this temperature, 
allowing for greater tuning. While e r of bulk STO increases continuously with 
decreasing temperature, thin film STO exhibits a maximum e r between 40 K 
and 80 K. Strain may be partially responsible for this difference, but the cur- 




FIGURE 4 (a) 50 O, eight element CMPS using YBCO (.35 nm)/STO (1 .0 nm)/LAO (254 |i.m). Data were 
taken at T = 40 K and 1 6 GHz. (b) Same phase shifter as in (a). Data were taken at T = 77 K and 
16 GHz. 
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rently available evidence is inconclusive as to the cause. At 16 GHz, this device 
achieved a A<|> of 484° while biasing V dc from 0 to 375 V. If one restricts the bias 
range between 75 V and 375 V, a A<j> of 290° was observed while maintaining the 
insertion loss below 4.5 dB. At 77 K (Fig. 4(b)), a A<|> of 420° was obtained for 
this phase shifter at the same bias and frequency using to entire 375 V range. 
Both results correspond to an effective coupling length of 0.33 cm, with the 
microstrip mode in the 50 Q sections between the coupled fingers only contrib- 
uting -13° of the total A<{> in both cases. 

Figure 5 shows the effect of bias on the passband of this device at 77 K. The 
zero bias curve has the narrowest and lowest frequency passband. Since tan6 of 
the STO also drops precipitously with bias,^ this curve has much greater loss 
than the others. From 100 V to 400 V bias, the insertion loss does not change 
greatly but the passband shifts to a higher frequency. It is apparent why 16 GHz 
is the optimal operating frequency using 400 V. A lower frequency would have 
increased insertion loss at 400 V because of the passband edge. Alternatively, a 
lower frequency could be used if the bias were kept well below 400 V. 

We also fabricated and tested phase 
shifters based primarily on a single 
microstrip line. This design, shown in 
Fig. 6, consists of a 3.7 cm long Au 
meander line and a single CMPS. The 
wider microstrip sections are intended 
to remove a resonance from our oper- 
ating frequencies. We tested two 
samples with this circuit with STO film 

thicknesses of 2 pm and 0.4 pm. The Frequency ghz 

insertion loss and phase shift for the FIGURE5 Frequency dependence of IS 21 1 for 
2 pm sample at 40 K and at 10 and the eight-element, 50 O CMPS using YBCO 

irw-u u c- v ~~ (.35 nmySTO (1 .0 nm)/LAO (254 nm) at 77 K. 

19 GHz are shown in Fig. 7(a). The 
Sonnet’s em simulator results for 
19 GHz are shown in Fig. 7(b). While 
the phase shift (A<|>) of 690° at 19 GHz 
is slightly lower than the simulations 
(assuming e r (STO) varies from -500 
to 2500) the loss is very high 
(~34 dB). The band-edge resonance 
occurs at a lower frequency than 
expected. At 10 GHz the losses are 
better but A<j> is only 360°. The figure of 
merit at 10 GHz is 30°/dB. The 
results on the 0.4 pm sample, shown in FIGURE 6 Meander line and 1 CMPS phase 

Fig. 8, were more encouraging with a shifter. The linewidth w = 89 nm. 
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FIGURE 7 (a) The magnitude and phase shift of S 21 vs. dc bias voltage for the meander line and one 
CM PS circuit using 2 thick STO. The open symbols denote magnitude and the closed symbols 
denote phase shift. Data were taken at T = 40 K. (b) Sonnet em® simulation of insertion phase shift 
(left ordinate) and insertion loss (right ordinate) at 19 GHz for a meander line circuit on a 2 (am thick 
STO film using tanS^ = 0.008. The abscissa represents the dielectric constant of the STO film 
which decreases with increasing dc bias. 


higher figure of merit of 43°/dB with 
A<f> = 290° at 10 GHz. 

The discrepancy between experi- 
ment and simulation could arise from 
higher than expected tan8 and/or lower 
e r . It could also arise from a simplifi- 
cation inherent in the em simulation. 
The Sonnet* and IE3D simulators 
assume that any given layer has a single 
e r While this assumption is true for 
modeling STO’s change with tempera- 
ture, the effects of bias lead to local 
variations in e r . For instance, the 
biased region of STO around a micro- 
stripline does not extend very far. 
However, in a CMPS, the applied dc 
field extends between the two lines. This fact leads us to expect closer agree- 
ment between experiment and simulation in the CMPS than for a single 
microstrip. Further samples and design modifications of the meander line con- 
figuration will be tested. 

Phased array antennas, particularly reflectarrays, will benefit from the phase 
shifter technology described herein. Conventional reflectarrays use interlaced 
spiral radiating elements interconnected with PIN diodes to provide perhaps 1 .5 
bits of phase resolution.^ In this hybrid approach, the diode control circuitry 


♦Sonnet’s em simulator does have the capacity to do multiple e r ’s in a single layer but the 
process is so time and memory consuming as to limit its use only to small areas. 



FIGURE 8 The magnitude and phase shift of 
S 2 i vs. dc bias voltage for the meander line 
and one CMPS circuit using 0.4 (im thick STO. 
The open symbols denote magnitude and the 
closed symbols denote phase shift. Data were 
taken at T = 40 K. 
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is cumbersome. Our ferroelectric phase shifters can be integrated with printed 
microstrip patch elements to enable a new type of reflectarray which can be 
produced lithographically. Since they will operate in a reflection mode, each 
must supply only 180° of phase shift. Their small cross section will minimize 
specular reflections from the front surface of the array, a feature unique to this 
implementation. For example, coplanar waveguide ferroelectric phase shifters 
require a fairly large ground plane on the same surface as the radiating element. 
Such phase shifters appear to be impractical for reflectarray applications 
because of this unwanted reflection. Recently demonstrated proof-of-concept 
thin film ferrite phase shifters^ are also ill-suited for reflectarray applications 
because they require an induction coil to generate a magnetic field. This 
approach results in larger circuit size and awkward operation. 


CONCLUSIONS 

In conclusion, we have presented data on several types of microstrip-based 
conductor/ferroelectic phase shifters. At 40 K and 16 GHz, the 8 element CMPS 
exhibited a figure of merit of 80°/dB. To our knowledge, these are the best 
results so far for phase shifters based on conductor/ferroelectric thin film tech- 
nology and where miniaturization, insertion loss, and phase delay are key 
considerations. These results compare favorably with phase shifters based on 
similar technology reported by other researchers. For example, Gevorgian, 
et al.pi reported on a YBCO(300nm)/BSTO(900nm)/LAO coplanar waveguide 
(CPW) phase shifter with center conductor length ~0.4 cm. For this component, 
they found a 16°/dB figure of merit at 50 K and 20 GHz. Our meander line and 
a single CMPS design exhibited a figure of merit of 43°/dB at 40 K and 10 GHz. 
These phase shifters are competitive with solid state switched-line phase shifters 
in terms of performance and size, and promise simplicity of fabrication and cost 
advantage. They show great promise for advantageous insertion in phased array 
systems particularly reflectarrays. 
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